Abstract-Digital holography offers a reliable and fast method to image a three-dimensional (3-D) scene from a single perspective. This paper reviews recent developments of self-reference single-channel incoherent hologram recorders. Hologram recorders in which both interfering beams, commonly referred to as the signal and the reference beams, originate from the same observed objects are considered as self-reference systems. Moreover, the hologram recorders reviewed herein are configured in a setup of a single-channel interferometer. This unique configuration is achieved through the use of one or more spatial light modulators (SLMs).
I. INTRODUCTION

D
IGITAL holography has several advantages for many imaging applications. The most recognized advantage of digital holography is its ability to image a three-dimensional (3-D) scene with no more than three camera shots [1] . Additionally, hologram recorders of certain types are capable of imaging phase objects [2] , [3] . Different types of hologram recorders have been proved to have superior imaging resolution over equivalent ordinary imagers [4] , [5] . Digital holography also enables the implementation of super-resolution techniques such as synthetic aperture [6] , [7] . Moreover, using holograms, it is possible to image objects covered by scattering medium [8] , [9] , or by absorbing obstacles [10] , [11] . Additionally, digital holography can be used for certain tasks of image processing, such as edge enhancement [12] , [13] . Finally, some holographic imagers have been proved quite efficient for sectioning a general 3-D scene [14] , [15] . Because of these advantages, digital holography has become an important tool for optical imaging in general and for optical microscopy in particular.
In the present review, the research in which we have been involved in the recent years is summarized. Two operation . A short version of this paper has been published as a conference paper in [78] . The conference paper [78] does not include the discussions about the resolution properties of the systems and their optical path difference problem (II-C and II-D herein). On the other hand and unlike this paper, [78] surveys also the works first published in [17] and [20] . Paper no. TII-15-0513.
The authors are with the Department of Electrical and Computer Engineering, Ben-Gurion University of the Negev, Beer-Sheva 8410501, Israel (e-mail: rosen@ee.bgu.ac.il; kelnerr@post.bgu.ac.il).
Color versions of one or more of the figures in this paper are available online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TII.2015.2462803
principles are common to the hologram recorders discussed herein. First, as indicated by the title, the various holograms are recorded in a self-reference setup, which means that the interfering beams originate from the same observed object. As is shown below, this property of the systems enables hologram recording of objects that are illuminated by spatially incoherent sources. However, the self-reference arrangement is efficient also for temporally [16] , [17] or spatially [18] , [19] coherent light sources, since it saves the need to split the light source into two separated beams, one for the reference beam and the other for the signal beam. The second principle is that the hologram recorders are configured as single-channel interferometers. The configuration in a single channel makes this type of systems more stable, robust, and easier to align than the dual channel interferometers. Nevertheless, the hologram is still recorded as interference between pairs of beams inside the single channel. The beam splitting inside the single optical channel is achieved due to the use of a phase-only spatial light modulator (SLM), which is a crucial element in all of the systems described in this paper. The research described herein has been focused in the field of incoherent digital holography. Here, the term incoherence actually means spatial incoherence, in the sense that each infinitesimal object point (i.e., point source) is statistically uncorrelated with any other object point. As for the temporal coherence, the spatial incoherent systems described in this review use narrowband light. Therefore, if the chromatic filters are an integral part of the systems, then these holographic recorders can be considered also as temporally incoherent, operating with white light. Otherwise, they may be classified as partially temporally coherent systems. One of the most explored methods of incoherent holography in recent years is the Fresnel incoherent correlation holography (FINCH). Section II is devoted to FINCH, with its various versions. Section III deals with another incoherent recorder termed Fourier incoherent single-channel holography (FISCH). Our group recently started to explore the use of self-reference, SLM aided, hologram recorders in the regime of coherent digital holography [17] , [20] . Due to space limitations, this type of hologram recorders is not reviewed herein.
II. FRESNEL INCOHERENT CORRELATION HOLOGRAPHY
A. Early Versions
In the early years of the present millennium, the field of incoherent digital holography was mainly dominated by two acquisition methods of incoherent holograms. One method is known under the name optical scanning holography (OSH) [21] , while the other method is termed multiple view projection (MVP) holography [22] . Both of these methods are relatively slow, since a scanning over the observed object is needed in OSH, and capturing of multiple images is required in MVP systems. Therefore, faster hologram recorders suitable for incoherently illuminated scenes seemed necessary, at that time. A faster nonscanning alternative to OSH and MVP can be self-reference interferometric methods [23] - [30] , which use the property that an incoherent light source is assembled from multiple statistically independent points, each of which can induce an interference pattern only with light coming from the point and from its copied image, or from two different images of the same point source. In this kind of interferometers, the light wave from each object point is split into two mutually coherent beams, each of which is optically processed differently; later, both beams are interfered on the hologram plane. The resulting hologram contains the information on the 2-D [23] , [25] , [27] , [29] or 3-D [24] , [26] , [28] , [30] location of each object point. FINCH also belongs to this group of self-reference hologram recorders, but, as described next, is based on several new principles.
Since its introduction in 2007 [31] , FINCH has earned the attention of several research groups around the world [8] , [9] , [12] , [32] - [48] . This may be attributed to many contributing factors, including the simple working principle of FINCH, its common-path single-channel design and, most importantly, its ability to record the complete 3-D information of spatially incoherent objects. Among the works which have been constructed on the basis of FINCH, in recent years, are the FINCHbased fluorescence microscope (FINCHSCOPE) [49] and its most current, highly efficient version based on a liquid crystal gradient index lens [50] , making the FINCHSCOPE highly appealing for biological applications. A noteworthy FINCHrelated technique is the self-interference incoherent digital holography (SIDH), in which the SLM-aided single channel of FINCH is replaced by a modified Michelson interferometer with two mirrors of different spherical curvatures [51] - [53] . Another interesting design in this context is a FINCH-like system with a wide field-of-view that is achieved using an optical relay system placed between two main components of FINCH: 1) the objective lens; and 2) the SLM [54] . Other examples of FINCH-based imagers include the synthetic aperture with Fresnel elements (SAFE) systems [55] - [57] . SAFE is an incoherent holographic imaging system in which a super-resolving synthetic aperture hologram is formed as a mosaic of several holograms captured from different points of view by a regular FINCH system, which has a limited physical aperture. It is beyond the scope of this review to extensively cover every modification and application of FINCH. Hence, only several structural developments of FINCH are surveyed herein.
Essentially, FINCH is also a self-reference interferometric method, but the splitting of the light beam is accomplished within a single optical channel. In other words, FINCH is implemented by a single channel, on-axis, spatially incoherent interferometer. Therefore, FINCH is more stable, robust, easier to align, and can handle light in wider bandwidth in comparison to other classical dual channel interferometric methods. All these benefits are achieved using an SLM within the FINCH apparatus. The role of the SLM will become clearer following the next description of FINCH.
The first FINCH setup [31] is shown in Fig. 1 . In this holographic recorder, spatially incoherent light is emitted from, or scattered by, a 3-D object. It is then collected into the system by the objective lens L o and modulated by an SLM. The SLM serves both as a beam-splitter and as a diffractive lens. In this manner, a single-channel incoherent interferometer is formed. In the interferometer, each spherical beam that originates from a single object point is split into two spherical beams of different curvatures. A Fresnel hologram of a point source is obtained when the interference pattern of the two spherical beams is recorded by a digital camera. The need to create two different spherical beams is fulfilled by generating a diffractive lens using only a half of all SLM pixels. The pixels of one lens are randomly selected and uniformly distributed. The remaining pixels are modulated with a constant phase [4] , [31] , [49] , [58] , or are used to create a different diffractive lens than the first one [59] . In any case, once a wave from a point source reaches the SLM, two spherical waves are reflected from the SLM and interfere on the digital camera plane. The spatial incoherence of the object assures that the final recorded FINCH hologram is a summation over the intensities of all point source interference patterns. This summation forms the Fresnel hologram of the observed 3-D object. The recorded object can then be reconstructed from the hologram through a digital Fresnel back-propagation to a specific reconstruction distance.
FINCH captures Fresnel holograms of the scene. By definition, a Fresnel hologram contains a transparency function of the convolution between the object and a quadratic phase function [60] . However, the case in FINCH is a bit more complicated. For a general 3-D object, incoherently illuminated by a narrowband light source, the intensity of the recorded FINCH hologram is a convolution between the object intensity function and the point spread function (PSF) of the system. The PSF of the recorder, for the case of a point source located on the front focal plane of lens L o of Fig. 1 
where λ is the average wavelength and φ(r s ) is a phase constant. The overall hologram of the object, for the above case, is an integral over all the object points as follows:
where C is a constant. Equation (2) indicates that besides a relatively high constant term, the transparency function of the hologram contains two terms of convolution, one between the object and a quadratic z-dependent phase function, and another between the object and the complex conjugate of the same quadratic phase function. Reconstructing a hologram with these three terms does not enable proper extraction of the 3-D image of the object, because of mutual disturbance between the terms. This difficulty is well known in the literature as the twin-image problem [60] . In order to remain with only a single convolution term out of the three terms, a phase-shifting procedure is performed with the reordered holograms [31] . Three holograms of the same object are recorded, each with a different phase constant, adjacent only to one of the diffractive lenses that are displayed on the SLM. Thus, a third task is added to the SLM, which serves as a phase-shifter, a beam-splitter, and a diffractive lens. The final hologram is a linear combination of the three holograms; it contains only the desired convolution term between the object function and a single z-dependent quadratic phase function. This final phase-shifted hologram can be digitally reconstructed using a computer. A Fresnel backpropagation calculation properly reveals the 3-D properties of the object, without noise from other interference terms.
This early version of FINCH was demonstrated in various studies and under different conditions. First, it was demonstrated with reflecting, white-light illuminated objects [31] . Later, FINCH holograms of fluorescence objects of various colors were successfully recorded [58] . Shortly after, a complete FINCH-based holographic fluorescence microscope was proposed and demonstrated [49] . However, the performances of these early versions of FINCH were not optimal. The abovedescribed method of multiplexing two diffractive lenses on the SLM induced a lot of noise. Many parameters in the system were arbitrarily chosen, and the optical path difference (OPD) in the system, which limits the system from processing wide-bandwidth light sources, was not optimized. These problems have been successfully addressed in the more recent developments of FINCH, described in the following sections.
B. Polarization Method for Multiplexing Diffractive Elements
The configuration of FINCH as a single-channel interferometer has many advantages, mentioned above, but the need to multiplex two diffractive elements on the same SLM is a challenge as the sum of two phase functions is not a pure phase function. Therefore, such a sum cannot be displayed directly on commercially available phase-only SLMs. In the previously described multiplexing method, used in early FINCH versions, the two phase functions were displayed on different portions of the SLM. Consequently, these two optical elements were noncontinuous, did not occupy the complete aperture of the system, and led to suboptimal results. A way to overcome this problem is given by the polarization method discussed next.
Fortunately, the problem of element multiplexing can be solved using the property that some commercially available phase-only SLMs, which are birefringent devices, only modulate light of a certain linear polarization orientation. This sensitivity of the SLM to a specific linear polarization makes it possible to use one component of the electric field vector, not affected by the SLM, as a wave without any modulation, and the other orthogonal component as a wave that is modulated with the desired diffractive lens. Unlike the previous spatial multiplexing method, when the polarization multiplexing method is used, both diffractive elements occupy the complete aperture of the system, and so the SLM-realized optical elements are both continuous and of better quality.
The detailed optical process of the polarization method of FINCH is described in [61] . It is summarized in the following with the help of Fig. 2 . A spherical beam is emitted from a point source a o located at a working distance from the objective lens L o . An input polarizer P 1 is oriented at a 45
• angle to the active axis of the SLM, resulting in two in-parallel imaging systems in a common-path single-channel setup. The SLM acts as a spherical lens, but only for the polarization components of the beam that are in parallel to its active axis. Polarization components of the input beam that are vertical to its active axis are not modulated; for them, the SLM is a clear aperture. Thus, each of the two in-parallel imaging systems acts with one of two orthogonal polarization components of light. The input beam from a o is collected by the lens L o and then converged into two image points beyond the SLM: 1) the image point a 2 , formed by the system in which the SLM does not influence the beam; and 2) the image point a 1 , formed by the system in which the SLM-displayed diffractive lens is effective. A digital camera, positioned between the two image points, captures the interference pattern of two spherical beams: 1) diverging from a 1 ; and 2) converging toward a 2 . The output polarizer P 2 enables the interference between the waves by projecting the orthogonal polarization components of the two beams onto a common orientation. Frequently, P 2 is oriented at a 45
• angle to the active axis of the SLM. However, other angles can be used [61] . The hologram recording and reconstruction procedures are similar to the ones described in the previous section.
Imaging results of a United States Air Force (USAF) resolution chart with both spatial [31] and polarization [61] methods of multiplexing are compared in Fig. 3 . This figure shows image reconstructions of best plane of focus obtained from holograms captured using both methods. The experimental conditions were identical, using a diffractive lens of a 280-mm focal length, with the camera positioned at a distance of 400-mm away from the SLM. In Fig. 3(a) , the holograms were captured with a 50% constant phase mask and with the input and output polarizers set parallel with the SLM polarization. In Fig. 3(b) , the holograms were captured using the polarization method, without any constant phase mask and with the polarizers set at 45
• to the SLM polarization. The results demonstrate the superiority of the polarization method.
C. Inherent Super-Resolution
In general, recording and reconstructing a hologram is an imaging process. The most important feature of any imaging system, in general, and microscopy, in particular, is its imaging resolution. According to Abbe's law [63] , in conventional imaging systems, the optical resolution is determined by the ratio between the illumination wavelength and the input numerical aperture of the system. At the beginning of the presented research [31] , [58] , FINCH had been considered as a conventional imaging system, obeying the same optical resolution limit. Surprisingly, several years after its invention, it was discovered that FINCH is not at all a conventional imaging system, and that under certain conditions FINCH can fundamentally resolve better than conventional imagers of similar numerical aperture [4] . The roots for this phenomenon are discussed next.
One of the most known and general laws of imaging systems is the Lagrange invariant [63] . About 4 years after the FINCH invention [31] , Bouchal et al. were the first to propose that FINCH is exceptional, in the sense that it violates the Lagrange invariant [33] . Later, Lai et al. published a paper dedicated completely to this unusual violation of the Lagrange invariant [41] . Beyond the remarkable aspect of violating a fundamental imaging rule, there is also a practical aspect for this violation. As is shown in [64] , there is a direct link between the Lagrange invariant and the imaging transverse and axial resolutions. The linkage between the resolutions and the Lagrange invariant is understandable if the definition of the latter is modified to the optical wave theory. Generally, infinitesimally object points are imaged by imaging systems to spots of a fixed size, where the spots on the object and the image planes are defined as the system PSF on these two planes. According to the modified Lagrange invariant, formalized in [64] , for any two-point object, the spots and the gap between them are magnified equally by the imager. This law of identical magnification is natural and generally accepted when conventional imagers are regarded. However, as is shown in [64] , this basic rule can be violated in any FINCH system. When this law is violated, the image resolution of the system is different than that of a conventional system with the same numerical aperture and the same wavelength. As stated by the celebrated Rayleigh resolution criterion [63] , the transverse resolution is essentially the ability to resolve two close spots on the image plane, each of which is an image of a different object point. Consequently, for any examined imager of a numerical aperture identical to that of a conventional imager, when the Lagrange invariant is violated, the resolution of the two imagers is essentially dissimilar. Moreover, if, in some system, the ratio of the gap between the spots magnification and the width magnification of the spots (a figure which is termed magnification-ratio) is greater than 1, the separation between the two spots is magnified more than their widths. Therefore, the transverse resolution is enhanced in comparison to the conventional imager, because it is easier to separate the spots when the gap between them is magnified more than their widths.
Apparently, if two interfering waves, emitted from a single object point, perfectly overlap on the camera plane, the Lagrange invariant is violated in a way that maximizes the transverse resolution [4] . Therefore, the separation between any two imaged spots is magnified twofold than the width of each spot, or in other words the ratio between the transverse magnification M T and the spot magnification M W is 2. To show this result, we derive the expressions of the two magnifications. The transverse magnification M T is directly obtained from (2) as
which is a general result of any configuration of FINCH. 
One conclusion from (4) is that the reconstructed distance z r from the hologram to the image is
To calculate the spot magnification, one needs two more parameters, one is the distance z h from the SLM to the CCD in terms of f d and f c under the perfect overlap condition. It is easy to see that under this condition, z h should satisfy the following relation:
The last parameter needed here for calculating the spot magnification is the ratio between the hologram and the SLM aperture radii, R H and R SLM , respectively, which based on Fig. 2 , is given by
In general, a spot width is proportional to the ratio between the distance from the spot to the system aperture and the aperture radius. Therefore, the spot magnification M W is
Substituting (5)- (7) into (8) yields
Finally, based on (3) and (9), the magnification ratio is
In this case, shown in Fig. 2 , the Lagrange invariant is violated since both beams, emitted from each object point, contain the information on the lateral location of this point. The lateral position of a point is encoded into the linear phase of both waves. Consequently, both beams have the same linear phase with constants relative to the lateral position of the object point. In the interference event, the two linear phases of the two beams are added up constructively, in the most efficient way, only if the overlap condition between the beam projections is fulfilled. Furthermore, when the linear phases are constructively summed, the constants of the resulting linear phase are multiplied by a factor of 2 relatively to the original linear phases. In the image reconstruction stage, this resulting linear phase is translated back to a transverse image location magnified by a factor of 2 in comparison to a conventional imager. The magnification of the spot width, on the other hand, is not influenced by the extra information carried by the interfering beams, since the size of the image spot is governed by the size of the overlap between the two projections of the beams. The above-mentioned linear phases do not influence the size of the overlap.
To summarize so far, one may argue that the super resolution of FINCH is achieved because the object is observed by two different imaging systems simultaneously. It is natural and intuitive that one can get more information, and consequently better resolution, from two images of the same object captured by two different systems, than from only a single captured image. However, the dual observation is necessary to obtain a superresolving system, but it is not enough. The additional condition for resolving better is that for every object point there should be a perfect overlap on the camera plane between the two beams. Only under this condition, can FINCH use the two images in an optimal way, in order to maximally improve the imaging resolution.
As is lengthily discussed in [4] , when the above-mentioned overlap condition is satisfied, an enhancement of the transverse resolution by a factor of 2 is achieved with FINCH in comparison to conventional coherent imagers and by a factor of about 1.5 in comparison to conventional incoherent imagers. Note that this superiority of FINCH does not violate any well-known resolution limit, since FINCH is an incoherent imaging system in which the spatial bandwidth is double than that of coherent systems [63] . The resolution enhancement by a factor of about 1.5 of FINCH in comparison to conventional incoherent imagers is not realized by widening the bandwidth, but because the transfer function of FINCH is more uniform than the wellknown cone-like shape of the incoherent transfer function [4] . Consequently, the above-mentioned superiority of FINCH over coherent and incoherent imagers is well established in the frame of the diffraction theory. In summary, FINCH resolves better than both coherent and incoherent classical imagers. Actually, FINCH has advantages from both imagers of the same numerical aperture; it has a uniform modulation transfer function (MTF) similar to a coherent imager and a cutoff frequency of an incoherent imager. Fig. 4 presents the main features of FINCH in comparison to either coherent or incoherent imagers. According to Fig. 4 , FINCH is linear in the intensity but its PSF can be a complex-valued function. Its MTF follows the form of the system aperture, but the cutoff frequency can be double than that of a classical coherent imager with the same numerical aperture. In comparison to a classical incoherent imager, both systems have the same bandwidth, but the intensity of high spatial frequencies is not attenuated in FINCH as it happens in classical incoherent imagers.
A comparison between the resolution performances of a conventional two-lens imager and FINCH is shown in Fig. 5 . The lateral resolution of FINCH is better than that of the two-lens imager as is reflected from Fig. 5(a) and (b) , where the images are in focus, but the smaller details are better revealed in the holographic reconstructions than in the image from the two-lens imager. 
D. Problem of the OPD in FINCH
According to the theory of temporal coherence [63] , the visibility of the interference pattern of an interferometer, like FINCH, is equal to the magnitude of the complex degree of coherence. Moreover, the visibility value goes to zero as the OPD between the interfering beams increases. According to the Wiener-Khintchine theorem, the power spectral density of the light source is the Fourier transform of the temporal coherence function [63] . Therefore, for a given light source bandwidth, the hologram visibility is higher as much as the OPD is shorter. Thus, FINCH is a spatially incoherent system which can function well only above some level of temporal coherence.
In the early days of FINCH [4] , with the setup of a single diffractive lens and the constant phase mask, like in Fig. 1 , and under the condition of beam overlap mentioned in the previous section, the average OPD in the system was sometimes longer than the coherence length of the given sources. Therefore, in order to get a hologram with an acceptable interference visibility, either the following acts were carried: to increase the temporal coherence, the source bandwidth was narrowed by a chromatic filter; in order to reduce the OPD, the SLM-CCD distance was increased. Clearly, both actions have high costs which can be avoided using a dual-lens FINCH [59] . The term dual-lens FINCH means that for every object, there are two images created by two different effective lenses. Fig. 2 shows an example of a dual-lens FINCH in which the condition of beam overlap is applied. The dual-lens FINCH has the advantage that its maximum OPD is smaller than that of a single-lens FINCH system. Moreover, this OPD becomes smaller as the distance between the two foci of the lenses is reduced. As a result of using dual-lens FINCH, the values of the SLM-camera distance can be considerably shortened and the source bandwidth can be significantly expanded, in comparison to the early setups [4] .
The theoretical prediction that the quality of the reconstructed image is improved by narrowing the gap between the two foci applied to the SLM was tested in [59] and the results are summarized in the following. The best in-focus reconstructed planes, computed by a Fresnel back-propagation, for each of the eight values of the gap Δf between the two foci are depicted in Fig. 6 . It can be seen in Fig. 6 , that there is a consecutive enhancement in the reconstruction quality with reducing the gap Δf between the two foci of the two diffractive lenses. This result validates the prediction that reducing the OPD in the FINCH system increases the quality of the recorded holograms.
Once the source bandwidth and the SLM-camera distance (and consequently, the image magnification) are given, the upper limit on the value of the gap between the two foci can be easily calculated [59] . Working in the range below this upper limit guarantees relatively high temporal coherence and consequently high fringe visibility for the recorded holograms.
E. Confocal FINCH
The concept of confocal microscopy was developed by Minsky, 60 years ago [65] , and has been incorporated to incoherent [66] , [67] and coherent [68] - [70] holography systems, a few decades later. In standard microscopy, the quality of in-focus objects may be deteriorated by information from outof-focus objects. This situation is especially limiting when thick samples are considered. Minsky's confocal solution incorporates two means to mitigate this problem.
1) The object point of interest is selectively illuminated.
2) Image information from out-of-focus image points is mostly blocked by an opaque screen, whereas information from the image point of interest freely reaches the detector through a pinhole. This elegant solution is not without costs, as target scanning is needed in order to image an entire object. Recently, a motionless confocal configuration of FINCH was presented as a solution to the problem of relatively low axial resolution of FINCH [62] . Several months after the appearance of [62] , another confocal FINCH was proposed, combining the standard FINCH with a spinning disk [71] . The uniqueness of the confocal FINCH of [62] lies in its ability to perform optical sectioning of the recorded scene in a motionless manner and with the inherent super-resolution capabilities of the conventional FINCH. Hence, it is capable of imaging different planes of interest, at various depths, while suppressing information from other planes. In this manner, the axial resolution of the system is improved and details that would otherwise be lost are revealed.
The integration of these optical sectioning capabilities into FINCH has been enabled through the incorporation of an optical element termed a phase pinhole. The phase pinhole is an SLM-implemented component that imitates an actual absorbing pinhole, but at the same time allows the formation of a FINCH hologram for a specific point of interest in the observed target. The confocal FINCH system is shown in Fig. 7 . The setup is similar to the dual-lens FINCH (Fig. 2) with the addition of a second SLM, SLM 2 , positioned in the transverse plane in which the image point a 1 is formed. A diffractive optical element, consisting of a negative (diverging) axicon that surrounds a small circular area of uniform phase modulation, hereby referred to as a phase pinhole, is displayed on SLM 2 . For every scanning point a o , the phase at the pinhole region is set to three different phase values for the three acquired holograms, usually 0
• , 120
• , and 240
• , while on SLM 1 , the same diffractive pattern is displayed during the acquisition of a single image section. Since the phase is altered only within the phase pinhole, any pattern carried by waves that pass through SLM 2 outside the phase pinhole is lost after the phase-shifting process. Generally, the phase pinhole can be thought of as a standard pinhole for the polarization components parallel to the active axis of SLM 2 and as a transparent aperture for the orthogonal polarization components. The information recorded by the process is only the pattern encoded into the interference between waves that pass through the phase pinhole of SLM 2 , and its orthogonal counterpart imaged at the point a 2 .
The incorporation of a phase pinhole into FINCH, as described above, is sufficient to achieve optical sectioning. However, better sectioning results can be achieved by the formation of a complete confocal FINCH system (Fig. 7) through the incorporation of a point illumination system. Similar to Minsky's solution, any of the object points that are outside the cone of light will not be recorded. Thus, there are two mechanisms working together to allow optical sectioning. Obviously, since only a single point in space is properly imaged, a scanning mechanism is needed to record the complete object. This is in contrast to a regular FINCH hologram in which the complete 3-D information of the wide-field illuminated scene is encoded. Luckily, scanning of the entire object can be performed electronically, without any mechanical movements [62] .
In the sectioning experiments, the results of a regular FINCH and a sectioning FINCH were compared. The regular FINCH was realized on the setup of Fig. 7 by setting the phase mask of SLM 2 into a constant zero modulation, and in both systems, the proposed point illumination excluded, so that the contribution of the phase pinhole displayed on SLM 2 is highlighted. We consider the phase pinhole as a novel part in the system, as scanning illumination systems are commonly used in confocal microscopy [68] - [70] . Note that sectioning implemented only by the phase pinhole can be useful for circumstances in which the observed scene cannot be selectively illuminated. The experimental results are shown in Fig. 8 . Reconstructions from conventional FINCH holograms of two resolution charts, at the plane close to, and far from, the objective are depicted in Fig. 8(a) and (b) , respectively. It is clear that the out-of-focus images extremely disrupt the reconstructions. The equivalents of Fig. 8(a) and (b) for the reconstruction of the sectioning FINCH are shown in Fig. 8(c) and (d) , respectively. Here, the out-of-focus images are highly diminished, and the in-focus images clearly appear with improved contrast, complete details, and low background noise. The optical sectioning capabilities of the proposed system are thus verified, and are expected to be improved even further once a point illumination is incorporated. Overall, the confocal configuration of FINCH can efficiently suppress out-of-focus information from a FINCH-recorded hologram combining the high lateral resolution of FINCH and the optical sectioning features of confocal microscopy. We believe that this system is of special importance for establishing a firm place for FINCH in biological microscopy.
III. FOURIER INCOHERENT SINGLE CHANNEL HOLOGRAPHY
As mentioned in Section II, a single FINCH hologram contains the complete 3-D information of an object. Yet, at least three images are required to solve the twin-image problem. The FISCH system can overcome this problem by recording a single cosine Fourier hologram [72] , [73] . Thus, a single exposure, rather than three as in FINCH, can yield the desired hologram from which an object can be reconstructed with enough separation between the various diffraction orders and without an overlap of the twin-image. Moreover, FISCH may exploit other beneficial qualities of Fourier holograms over Fresnel holograms including: enhanced robustness to information loss due to the distribution of information from each object point over the entire hologram plane and easier filtering ability that results from capturing a hologram in the spatial frequency domain. Concurrently, FISCH maintains other beneficial characteristics of FINCH, including its inherent super-resolution property [73] , meaning that just like FINCH, FISCH also offers a resolution improvement of up to a factor of two when compared with standard coherent imaging systems of a similar numerical aperture.
Following the initial presentation of FISCH [72] , a Sagnac radial shearing interferometer-based system was introduced as a system for recording spatially incoherent digital Fourier holograms [74] . Since then, a design based on similar concepts, using a triangular radial shearing interferometer has appeared [75] , [76] . A common feature of these works is the formation of a Fourier hologram through the interference of two radially sheared wavefronts. Fairly recently, a dual channel rotational shearing interferometer (RSI) has been proposed [77] .
A. Single SLM-Based Design
A schematic illustration of the first FISCH recorder [72] is given in Fig. 9(a) . Under spatially incoherent illumination, it is assumed that any two points of a 3-D object are uncorrelated and, therefore, cannot produce an interference pattern. In FISCH, however, each input point is doubled in such a manner that allows the formation of a fringe pattern. The overlapping fringe patterns that are induced by all object points are captured by a digital camera. These patterns encode the point positions in space, implying that the information from all points is captured by a single exposure. FISCH is built around a phase-only SLM that is sensitive to polarization, meaning that the SLM has orthogonal active and nonactive axes. For polarization components that are oriented along the active axis, the SLM acts as a diffractive lens and for polarization components that are oriented along the nonactive axis, the SLM acts merely as a mirror. Beam diagrams for the active and nonactive axes of the SLMs in FISCH are shown in Fig. 9(b) , demonstrating a 180
• rotational shearing interference that occurs for a point source object that lies within the front focal plane of the objective lens L o . Note that in Fig. 9 (b) two transmissive SLMs are shown, for simplicity. The actual optical setup uses only one reflective SLM, in a double-pass mode, as shown in Fig. 9(a) . Ideally, the distance d 2 is chosen to be equal to f 2 , by forming a relay system that comprised two lenses L 2 and L 3 , setting the effective distance between the CCD and the SLM to zero. Further, note that the polarization method of multiplexing, previously described for FINCH, is essential in FISCH.
The distribution of the recorded hologram is obtained by observing the camera intensity distribution caused by a single point source. Knowing the hologram of a single point, the complete hologram is a summation over all the camera intensity distributions, each of which is caused by a different point of the object. For the specific case of a source point located on the front focal plane of lens L o of Fig. 9 , at an arbitrary lateral locationr s = (x s , y s ), the intensity on the CCD plane results from the interference of two slanted plane waves, one originated from the source point a o and the other from the point a 1 . The plane wave originated from the source is tilted by the angles (θ 1,x , θ 1,y 
where the other plane wave is tilted by (θ 2,x , θ 2,y ) = {arctan
, where f d is the focal length of the diffractive lens displayed on the SLM. Therefore, the expression of a hologram recorded from a single object point is
The complete hologram, for the above case, is an integral over all the object distribution as follows:
The second term of (12) is the expression of a Cosine-Fourier transform of the object intensity I s (x s , y s ). Therefore, this kind of hologram is termed as Fourier hologram. In order to reconstruct an image from this hologram, one needs to numerically Fourier transform the hologram. Experimental results [72] from a FISCH system based on Fig. 9 (a) are presented in Fig. 10 . First, a hologram was recorded with a resolution chart located at the front focal plane of the objective lens L o . It was then digitally reconstructed by simple calculation of the inverse 2-D Fourier transform of the recorded hologram. The result, shown in Fig. 10(a) , clearly demonstrates that most of the information from the object can be extracted from a single exposure. However, the bias term is quite dominant in the reconstruction and reduces the quality of the reconstruction. By taking a second exposure with a 180
• total phase-shift in the SLM-modulated beam, most of the bias can be removed, as shown in Fig. 10(b) . Fig. 10(c) and (d) demonstrates the system capability of maintaining 3-D information, where the hologram was recorded with the resolution chart moved several centimeters away from its previous position. This time, the reconstruction was performed optically using a simple array that consists of a collimated laser beam, an amplitude modulating SLM used to display the dual exposure hologram, a Fourier transforming lens, and a camera that moved along the z-axis used to capture either the image of the resolution chart [ Fig. 10(c) ] or its twin [ Fig. 10(d)] .
B. Two SLMs-Based Design
An enhanced version of FISCH, with a shorter OPD than the first FISCH [72] , was introduced in [73] . The reduction in OPD is of high importance, allowing the enhanced FISCH system to efficiently handle signals with wider bandwidths. However, unlike the original FISCH design [72] , where it was possible to implement the system with a single SLM in a double-pass mode [ Fig. 9(a) ], the newer design, depicted in Fig. 11 , actually requires two different SLMs, as the diffractive elements displayed upon the SLMs are different. Still, this apparent disadvantage proves very useful when the resemblance between FISCH and FINCH (Fig. 2) is observed. By electronically controlling SLM 2 , the enhanced FISCH system can instantaneously be switched into a FINCH system and vice versa, enabling the recording of both Fourier and Fresnel spatially incoherent digital holograms.
The enhanced FISCH system is schematically presented in Fig. 11 . The configuration resembles the one of Fig. 9 , but two differences are prominent: an additional converging lens L c is located between L o and the first SLM; two SLMs are now used and are placed with their active axes perpendicular to each other and at a 45
• angle to the transmission axis of the polarizers. This configuration enables separate control over the orthogonal polarization components of the light beam traveling within the FISCH system. In Fig. 11 , a spherical wave is induced from the point source a o and is collimated into a plane wave by the lens L o . It is then converged into a Fig. 11 . Schematic of an enhanced FISCH recorder [73] : BPF, bandpass filter; P 1 and P 2 , polarizers; Lo, objective lens; Lc, converging lens; SLM 1 and SLM 2 , spatial light modulators; CCD, charge-coupled device. The polarization sensitive axes of the SLMs are perpendicular to each other.
spherical wave by the lens L c . This wave is transformed into two diverging beam cones: 1) one from the real image point a i,1 , influenced by SLM 1 (on which a phase mask of a converging diffractive lens is displayed); and 2) the other from the virtual image point a i,2 , influenced by SLM 2 (on which a diverging diffractive lens is displayed). The focal lengths of the two SLM-realized lenses are set in a manner that assures that these two beams completely overlap at the plane of SLM 2 . This plane is also shared by the CCD, where a relay system (not shown in the figure) is used. The two beam cones originate from the same point source and can thus interfere, granted that the OPD between the two is small enough. For the point a o , a cosine fringe pattern is captured by the digital camera, representing the source lateral position. For other points that are located outside of the front focal plane of the objective lens, the two image points are no longer formed at equal z-distances from SLM 1 . In turn, the longitudinal gap between the image points leads to a quadratic phase term, representing the depth location of the source, which is encoded into the fringe pattern. Like in FINCH, fringe patterns of all spatially incoherent point sources are summed over the camera. However, here a Fourier hologram is formed because one image point is 180
• rotated compared to the other. This strongly resembles that case of the RSI [77] . Still, in contrast to RSI, FISCH can store 3-D information. In a sense, FISCH is actually a combination of both rotational and radial shearing interferometers.
The mathematical expression of the enhanced FISCH can be easily obtained by looking on the scheme shown in Fig. 11 . The recorded hologram of a point source a o is the intensity distribution of the interference between two declined spherical waves originated from the two points a i,1 and a i,2 located at an axial distance d before SLM 2 and at the transverse pointsr i,1 and r i,2 , respectively. d,r i,1 , andr i,2 are calculated by the imaging equations of spherical lenses, as follows:
where z h is the gap between the two SLMs and f c , f 1 , and f 2 are the focal distances of the lens L c , the lens on SLM 1 and the lens on SLM 2 , respectively. Knowing all the parameters of the two points a i,1 and a i,2 enables to formulate the recorded hologram of a single source point as the interference intensity of spherical waves originated from these two points, as follows: 
As in the case of the single-SLM FISCH, the complete hologram is an integral over all the object distribution as follows:
H(x, y) = 
The second term of (15) has the same form of the second term of (12), which is the expression of Cosine-Fourier transform of the object intensity I s (x s , y s ), and therefore this hologram is also a Fourier hologram. The reduction in the maximal OPD between the two FISCH systems [72] , [73] is analytically derived in [73] . To demonstrate the advantages of the suggested FISCH design due to this reduction, a set of experiments [73] is described in the following. A single NBS 1963A resolution chart, located at the objective front focal plane, was illuminated either with a 10-nm full-width half-max (FWHM) light source, or with an 80-nm FWHM light source. The system was tested with and without the converging lens L c . The ratio between the values of maximal OPD with and without L c is 2.74/5, implying that the reduction in OPD due to the enhanced design, in this particular case, is close to 50%. The experimental results are presented in Fig. 12(a)-(d) . With Δλ = 10 nm, both FISCH configurations demonstrate sufficient resolution to show complete details of the 18 line pairs per mm target [ Fig. 12(a) and (c) ]. Once the bandwidth of the illumination is broadened to Δλ = 80 nm, both configurations exhibit deterioration of the reconstruction quality [ Fig. 12(b) and (d) ]. Yet, while with f c → ∞ (without L c , nonenhanced FISCH) details are lost as the grating lines are smeared into a rectangle, with f c = 100 cm (enhanced FISCH), details are preserved and lines are separable. Thus, the enhanced resolution of the proposed design, due to the reduced OPD, is demonstrated. The same behavior of OPD sensitivity exists in FINCH as well, as demonstrated in Fig. 12(e)-(h) . Note that in the presented FINCH experiments [ Fig. 12 (e)-(h)], a complete phase-shifting procedure was performed to eliminate the bias and twin-image terms, whereas in FISCH [ Fig. 12(a)-(d) ] only two exposures with a 180
• total phaseshift were recorded, so that most of the bias term could be removed.
Comparing the two FISCH systems, it is interesting to note that in the single SLM FISCH [72] of Fig. 9 the interference happens between two plane waves, thus effectively the two opposite point images are obtained in the infinity. On the other hand, in the dual-lens FISCH [73] of Fig. 11 , the interference happens between two quadratic waves, thus the two opposite point images are located nearby the hologram plane. The combination of FISCH inherent robustness together with its capability of recording single exposure holograms under incoherent illumination holds great potential for many possible applications.
IV. CONCLUSION
Two families of incoherent hologram recorders have been reviewed in this paper, FINCH and FISCH. These two systems are considered as imaging systems. As so, they should be optimized to produce the best possible images. The main imaging aspect considered in the reviewed research is the lateral imaging resolution. For the two incoherent hologram recorders, exact conditions for achieving optimal resolution have been discussed and this optimal resolution has been proved to be better than that of classical coherent and incoherent imagers. These fundamental conclusions are valid for other similar incoherent hologram recorders [5] , [8] , [9] , [23] - [59] , and therefore, are important and general beyond FINCH and FISCH alone.
Besides the issue of optimal lateral resolution, other topics should be considered. The topics mentioned herein are as follow.
1) Reduce the OPD using the dual-lens multiplexing method in FINCH, or by introducing two SLMs in FISCH. Shortening the OPD enables working with light sources of a wider bandwidth. 2) Reduce the noise in the output images by multiplexing the two interferometric channels using two orthogonal polarizations, a method which has been implemented in both incoherent hologram recorders FINCH, FISCH, and recently extended to coherent recorders as well [17] , [20] . 3) Improve the axial resolution using the confocal version of FINCH.
4) Reduce the number of exposures during the hologram capturing process in FISCH by working with an off-axis hologram recorder. These and other issues should be further improved in order to utilize these and similar systems for the various applications mentioned in this paper.
